Tanja Slotte: Tanja.Slotte@su.se 25 26 27 Keywords 28 self-fertilization, demographic history, bottleneck, fitness effects, genetic load, mixed-29 mating 30 Plant mating systems have profound effects on levels and structuring of genetic 31 variation, and can affect the impact of natural selection. While theory predicts 32 that intermediate outcrossing rates may allow plants to prevent accumulation of 33 deleterious alleles, few studies have empirically tested this prediction using 34 genomic data. Here, we study the effect of mating system on purifying selection 35 by conducting population genomic analyses on whole-genome resequencing data 36 from 38 European individuals of the arctic-alpine crucifer Arabis alpina. We find 37 that outcrossing and mixed-mating populations maintain genetic diversity at 38 similar levels, whereas highly self-fertilizing Scandinavian A. alpina show a 39 strong reduction in genetic diversity, most likely as a result of a postglacial 40 colonization bottleneck. We further find evidence for accumulation of genetic 41 load in highly self-fertilizing populations, whereas the genome-wide impact of 42 purifying selection does not differ greatly between mixed-mating and outcrossing 43 populations. Our results demonstrate that intermediate levels of outcrossing may 44 allow efficient selection against harmful alleles whereas demographic effects can 45 be important for relaxed purifying selection in highly selfing populations. Thus, 46 both mating system and demography shape the impact of purifying selection on 47 Significance 51
self-fertilizing (selfing) (1, 2). Whether mixed-mating is evolutionarily stable or 69 represents a transitional stage has long been debated (1, 3). Classic population genetic 70 models predict that only high selfing and high outcrossing rates are evolutionarily 71 stable strategies (4). However, mixed-mating can be stable in ecologically more 72 realistic models, such as those that account for reduced outcross pollen success with 73 increased selfing (1). Moreover, population genetic models that incorporate linkage 74 indicate that mixed-mating populations may avoid the reduced efficacy of selection 75 associated with high selfing rates (5-7). 76
While selfing can be favored due to its genetic transmission advantage, and 77 because it can confer reproductive assurance, it also has marked population genetic 78 consequences that might contribute to the long-term demise of highly selfing lineages 79 (6). For instance, highly selfing populations are expected to have a reduced effective 80 population size (N e ), due to the direct effect of inbreeding (8, 9) . Demographic 81 processes such as frequent extinction and recolonization of local subpopulations (10) 82 or founder events associated with the shift to selfing (6) can reduce genetic variation 83 in selfers to an even greater extent. Self-fertilization is also expected to lead to 84 elevated linkage disequilibrium, which means that background selection and other 85 forms of linked selection can reduce genetic variation genome-wide, further reducing 86 N e in selfers (7, 11, 12) . 87
Because the strength of selection scales with N e (13), natural selection is 88 expected to be less efficient in selfers than in outcrossers. Selfers are therefore 89 expected to accumulate weakly deleterious mutations at a higher rate than outcrossers 90 (14) . However, selfing also increases homozygosity, exposing recessive mutations to 91 selection. This is expected to result in purging of recessive deleterious mutations, 92 unless selfing is associated with a strong reduction in N e which renders such purging 93 ineffective (15) (16) (17) . 94
While there is accumulating evidence for relaxed selection on weakly 95 deleterious mutations in highly selfing lineages (5, (18) (19) (20) (21) (22) , several fundamental 96 questions on the evolutionary genomic consequences of mating systems remain 97 unanswered. First, it is unclear whether selfing generally results in purging of 98 recessive deleterious alleles or whether this effect is possibly overridden by 99 demographic effects. Second, it remains unclear whether intermediate levels of 100 outcrossing allow plants to avoid the negative evolutionary genetic consequences of 101 high selfing rates. Specifically, while theory predicts that intermediate levels of self-102 fertilization could be sufficient to achieve purging of deleterious alleles (16) and 103 prevent accumulation of mildly deleterious alleles (23), few empirical genome-wide 104 studies have examined the selective consequences of mixed-mating in plants (but see 105 (24)). 106
The broadly distributed, arctic-alpine perennial herb Arabis alpina 107 (Brassicaceae) is a promising plant system in which to address the impact of variation 108 5 populations. We first investigate population structure and test whether populations 119 with higher selfing rates have lower levels of genetic diversity, and then test whether 120 higher selfing rates are associated with relaxed selection against weakly deleterious 121 mutations and purging of strongly deleterious mutations. To do this, we use genome-122 wide allele frequency distributions at nonsynonymous and synonymous sites to 123 estimate the fraction of weakly deleterious and strongly harmful new nonsynonymous 124 mutations. We further test whether higher rates of selfing are associated with an 125 increase in the frequency of derived alleles with major effects on gene integrity, 126 which would suggest relaxed purifying selection. Finally, we compare two genomic 127 proxies of genetic load, the reduction in mean fitness of a population caused by 128 deleterious variation (32,33), among outcrossing, mixed-mating and highly self-129 fertilizing populations. Our results are important for an improved understanding of the 130 population genetic consequences of mating system variation. Table S1 ). Progeny-array based outcrossing estimates have shown that 141 populations from Scandinavia are highly selfing (up to ~10% outcrossing) whereas 142 intermediate outcrossing rates have been estimated for two French and Spanish 143 populations (~20% and ~ 18%, respectively) (SI Appendix, SI Text). We further 144 verified that Greek and Italian individuals produced no offspring after forced selfing 145 in the greenhouse. The distribution of genomic runs of homozygosity (ROHs) further 146 supported mating system variation among the populations studied here (SI Appendix, 147 SI Text). 148
Each individual was resequenced to high coverage (average 26X, range 16-149 45X) using Illumina short-read technology. We called single nucleotide 150 polymorphisms (SNPs) and applied stringent filtering criteria to identify a total of 6 nonsynonymous (i.e. sites at which any mutation will result in a nonsynonymous 153 change) with a mean nucleotide diversity (π) of 0.0027 and 65,821 were 4-fold 154 degenerate synonymous (i.e. synonymous sites at which any mutation will result in a 155 synonymous change) with a mean nucleotide diversity of 0.0102 (SI Appendix, Table  156 S2). are presented separately for regional population samples from each of these 171 geographical regions. 172 173 Genetic diversity is maintained in mixed-mating but not in highly selfing 174 populations 175 For each regional population, we quantified nucleotide diversity at three categories of 176 sites: 4-fold degenerate sites, 0-fold degenerate sites and intergenic sites in regions of 177 low gene density and high recombination rate (Table 1 , SI Appendix, Table S3 ). At 178 all three categories of sites, levels of nucleotide diversity (π) varied by an order of 179 magnitude among regional populations (Table 1 , SI Appendix, Table S3 ). The 180 outcrossing Greek population was the most genetically diverse (4-fold synonymous 181 diversity π S = 0.008), whereas the highly self-fertilizing Scandinavian populations had 182 very low nucleotide diversity (π S =0.0002; Table 1 populations. Similar patterns were seen for 0-fold nonsynonymous sites, although the 187 relative reduction in diversity in Scandinavia was less severe for 0-fold sites than for 188 4-fold sites (SI Appendix, Table S3 ). This resulted in a markedly elevated ratio of 189 nonsynonymous to synonymous nucleotide diversity (π N /π S ) in Scandinavia (Table 1) In contrast to results for mixed-mating populations, several lines of evidence 211 suggest that selection against deleterious alleles is compromised in highly self-212 fertilizing Scandinavian A. alpina. First, there was a strong difference in the DFE of 213 nonsynonymous mutations, with a strong, significant reduction in selection against 214 strongly deleterious nonsynonymous mutations (N e s>10) in Scandinavia compared to 215 all other regional populations ( Fig. 2A ). Thus, DFE analyses suggest that the 216 Scandinavian population could be accumulating strongly deleterious nonsynonymous 217
mutations. 218
To follow up on this observation, we used the closely related species Arabis examined the allele frequency distribution of derived alleles, and found that derived 221 alleles with a major effect on gene integrity (see Methods) were found at a markedly 222 higher frequency relative to derived 4-fold synonymous alleles in Scandinavia 223 compared to all other regional populations ( Fig. 2B ). Because selected and neutral 224 allele frequency spectra can be differently affected by demographic changes even in 225 the absence of an actual change in selection (39-41), we considered two additional 226 proxies for genetic load. First, we estimated the average number of homozygous 227 derived major-effect genotypes (Fig. 2C) , which is expected to be proportional to 228 genetic load if deleterious mutations act recessively, and then we estimated the 229 average number of derived major-effect alleles (Fig. 2D ), which is proportional to 230 genetic load if deleterious mutations have additive effects (42). According to both 231 statistics, the highly selfing Scandinavian regional population had an elevated genetic 232 load compared to mixed-mating populations, and outcrossing and mixed-mating 233 populations were not different from each other ( Fig. 2C-D) . In addition, the number of 234 fixed derived major effect variants in Scandinavia was highly inflated (~70% 235 increase) compared to both the outcrossing, and mixed mating populations (SI 236 Appendix, Table S4 ). A similar pattern was seen for derived nonsynonymous variants 237 and when considering each geographical population separately (SI Appendix, Fig. S3 ; 238 The fact that mixed-mating populations maintained similar levels of genetic 294 diversity as outcrossing populations suggests that the loss of self-incompatibility in A. 295 alpina was not associated with a recent and strong bottleneck. Empirical studies in 296 other plant species have frequently found higher diversity in outcrossing and mixed-297 mating species relative to highly self-fertilizing species (7, 44), in good agreement 298 with our results. Taken together these findings agree well with the expectation that 299 levels of diversity should be higher in outcrossing than in self-fertilizing populations 300 (6). 301
We detected no evidence for purging of deleterious alleles in mixed-mating A. 302 alpina populations. This suggests that, in contrast to expectations from single-locus 303 theory (16), strongly deleterious alleles may not be rapidly purged as a result of 304 partial selfing in A. alpina, perhaps due to selective interference (5). While our power 305 to detect purging may be limited if strongly deleterious recessive mutations are rare, a 306 recent simulation-based study showed that the analysis method used here can detect 307 the signal of purging following shifts to higher selfing rates (38). Indeed, no strong 308 differences between outcrossing and mixed-mating populations were found for the 309 distribution of fitness effects of new nonsynonymous mutations, derived allele 310 frequencies of major-effect alleles or for two different proxies of genetic load that 311 assume different dominance levels of deleterious alleles. Our results thus suggest that 312 the genome-wide impact of purifying selection is similar in outcrossing and mixed-313 mating populations. 314
While there is a dearth of genome-wide studies contrasting purifying selection 315 in outcrossing and mixed-mating plants, one previous study also found modest 316 differences in purifying selection between outcrossing and mixed-mating species (24). 317
These observations agree with simulation-based results that suggest a low degree of 318 outcrossing is sufficient to maintain efficient purifying selection (23). Thus, mixed-319 mating populations may avoid some of the negative evolutionary genetic effects 320 associated with high selfing rates, which could imply that population genetic effects ultimately, direct estimates of inbreeding depression are needed to fully elucidate the 323 maintenance of mating system variation in A. alpina. 324
In contrast to the lack of differences in purifying selection between 325 outcrossing and mixed-mating populations, we found strong evidence for 326 accumulation of deleterious mutations in highly self-fertilizing Scandinavian A. For each of the five regional populations identified by population structure 397 analysis, we obtained estimates of summary statistics (S, π, Tajima's D) ( Table 1, as an outgroup (SI Appendix, SI text). As a proxy for genetic load, we estimated the 409 average number of derived nonsynonymous or major-effect homozygous genotypes 410 (41, 46) , and the average number of derived alleles for nonsynonymous and major-411 effect alleles (42) for each regional population. In addition, we counted the total 412 number of fixed derived nonsynonymous or major-effect alleles for each regional 413 population. 414 415
Demographic modelling and simulations 416
We conducted demographic inference in the software fastsimcoal2 v. 2.5.2.21 (55). 417
To estimate parameters associated with the origin of Scandinavian A. alpina, we 418 tested two demographic models (SI Appendix, Fig. S5 
